Abstract. The effects of uniaxial stress and variable excitation on the optical properties of GaN/AlN quantum dots (QDs) grown on Si(111) substrates have been investigated. We show that post-growth microcracks which are created during cooling of the sample serve as excellent stressors through which the strain tensor of the QDs can be modified for studies of strain-induced changes in the optical properties. We have used cathodoluminescence (CL) imaging and spectroscopy with polarization detection to probe limited regions of the sample in which the QDs are subject to in-plane uniaxial stresses of 20 to 30 kbar. CL measurements of the QD excitonic transitions exhibit an in-plane linear polarization anisotropy in close proximity to microcracks that is strongly dependent on the e-beam current used to excite the QD ensemble. Theoretical modeling was performed, as based on self-consistent solutions of the Schrödinger and Poisson equations using the 6u6 k p and effective mass methods for the calculation of the QD hole and electron states. Group III-Nitride-based wurtzite self-assembled quantum dots (QDs) have attracted much attention in the fundamental semiconductor physics and for potential device applications [1, 2] . An important characteristic of group III-Nitride compounds is the existence of a large polarization field along [0001], originating from both piezoelectric and pyroelectric polarizations. The field will be screened in a complex manner when electrons and holes begin to fill the excited energy levels of the QD during sufficient levels of excitation [3] . In this work, vertically stacked layers of GaN/AlN self-assembled QDs were grown by the Stranski-Krastanov method on a Si(111) substrate using molecular beam epitaxy (MBE). During the subsequent cooling from growth temperatures, the thermal expansion coefficient mismatch between the Si substrate and GaN/AlN film containing multiple layers of QDs leads to an additional tensile stress at the Si/IIINitride interface, which is partially relaxed by the formation of microcracks that propagate parallel to the interface and along the <11-20> directions [4, 5] . Time-resolved cathodoluminescence (CL) has previously shown that these defects serve as excellent stressors which can modify the strain tensor of an ensemble of QDs in close proximity (i.e., within a few Pm's) of the microcracks [6, 7] . The excitonic luminescence of QDs with a uniaxial stress perturbation exhibits an in-plane linear polarization anisotropy [7] . In this study, the effects of screening of the field in GaN QD ensembles, state-filling, and changes in the polarization anisotropy with varying excitation were studied with CL and modeled theoretically with a 6u6 kp calculation method.
Group III-Nitride-based wurtzite self-assembled quantum dots (QDs) have attracted much attention in the fundamental semiconductor physics and for potential device applications [1, 2] . An important characteristic of group III-Nitride compounds is the existence of a large polarization field along [0001], originating from both piezoelectric and pyroelectric polarizations. The field will be screened in a complex manner when electrons and holes begin to fill the excited energy levels of the QD during sufficient levels of excitation [3] . In this work, vertically stacked layers of GaN/AlN self-assembled QDs were grown by the Stranski-Krastanov method on a Si(111) substrate using molecular beam epitaxy (MBE). During the subsequent cooling from growth temperatures, the thermal expansion coefficient mismatch between the Si substrate and GaN/AlN film containing multiple layers of QDs leads to an additional tensile stress at the Si/IIINitride interface, which is partially relaxed by the formation of microcracks that propagate parallel to the interface and along the <11-20> directions [4, 5] . Time-resolved cathodoluminescence (CL) has previously shown that these defects serve as excellent stressors which can modify the strain tensor of an ensemble of QDs in close proximity (i.e., within a few Pm's) of the microcracks [6, 7] . The excitonic luminescence of QDs with a uniaxial stress perturbation exhibits an in-plane linear polarization anisotropy [7] . In this study, the effects of screening of the field in GaN QD ensembles, state-filling, and changes in the polarization anisotropy with varying excitation were studied with CL and modeled theoretically with a 6u6 kp calculation method.
The samples were grown by MBE using the 2D to 3D Stranski-Krastanov growth mode transition [1] . Two samples were grown on Si (111) substrates and consist of AlN (30 nm)/GaN (400 nm)/AlN (700 nm) buffer layers followed by either 40 or 85 layers of GaN QDs, labeled as samples S40 and S85, respectively. The growth of sample S40 (S85) involved 18-nm (6.7-nm) thick AlN barrier layers with 2.6-nm (1.6-nm) thick GaN dot layers, resulting in an average dot height of ~5 nm (~3.7 nm), as determined previously by transmission electron microscopy (TEM) measurements for samples possessing very similar structures and growth conditions. The average dot density per QD plane is ~5×10 11 cm -2 . Our CL measurement system is mounted on a JEOL 5910 scanning electron microscope (SEM) [6, 7] .
We have examined in detail the excitation dependence of R p (R p = I A /I || ), the polarization anisotropy ratio (relative to a crack direction), as a function of e-beam current for distances ('x) of 0.5 and 5.0 Pm from a microcrack, as shown in Fig. 1 for S85. These positions, both relatively near and far from a microcrack, represent regions well approximated by uniaxial and biaxial stress tensors [6, 7] . A noticeable excitation dependence of R p is observed for T = 300 K. Figures 1 and 2 show that as I b increases from 50 pA to 5 nA, a quenching of the polarization anisotropy occurs. For T = 60 K, R p | 1.9 over the same range of I b , revealing the importance of thermal excitation of holes in contributing to the polarization anisotropy. We have extended our multi-band k·p and single band effective mass treatment for the occupation of many electron and hole states [6, 7] . Self-consistent calculations of the Schrödinger and Poisson equations using the 6u6 k p and effective mass methods for the calculation of the e-h wavefunctions in the Hartree approximation were performed. The primary multicarrier correction to the energy levels results from the carrier-induced screening of the electric field in the QD which is caused by piezoelectric and pyroelectric polarization. Our approach included the effects of the interfacial stress, the microcrack-induced uniaxial stress perturbation, carrier-induced screening of the QD polarization field, temperature, and occupation of the QD excited states through changes in the electron and hole quasi-Fermi levels, M e and M h .
The calculated R p is shown with filled symbols on the right of Fig. 2 for both samples. The results agree qualitatively with the experimental polarized CL results for R p , as shown with the open symbols on the left of Fig. 2 . For low temperatures, it is apparent that a minimal thermal excitation of holes results in an R p that is roughly independent of excitation until the first electron and hole levels are doubly occupied. Upon increasing the excitation (I b > ~12 nA), a sudden decrease in R p is observed at low temperatures where a step is observed (downward arrows) for both the experiment and calculations in Fig. 2 , consistent with the participation of hole states whose relative p x -orbital character of the Bloch states also decreases. In comparison, R p decreases gradually and nearly linearly as a function of e-h occupation number, ¢n², for ¢n² d 2 at T = 300 K, as observed in both the experiment and calculations, owing to carrier filling and a thermal excitation of holes into higher energy QD hole states. In conclusion, the excitonic luminescence of QDs with a uniaxial stress perturbation exhibits an inplane linear polarization anisotropy that is sensitive to the excitation conditions and temperature. Our calculations show that carrier filling and a thermal excitation of holes into higher energy hole states during excitation account for a nearly linear decrease in the polarization anisotropy ratio, R p , with ¢n² at T = 300 K, while almost no thermal excitation of holes occurs at the lowest temperatures in the calculations.
